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Abstract 
In order to investigate an influence of Gd/Ba substitution x in Gd1+xBa2-xCu3Oy (GdBCO) on superconducting properties and 
microstructures of BaHfO3 (BHO) in GdBCO films, we fabricated the films on IBAD-MgO substrate by pulsed laser deposition 
(PLD) method. As a result, the number density of BHO nanorods were decreased from 2000 to 1100/μm2 with increasing x up to 
x = 0.07. If x > 0.07, the density of BaHfO3 nanorods were almost the same with 2000/μm2. Tcs of the BaHfO3 doped films were 
improved from 88.0 to 90.6 K with increasing x. In addition, the films with x from 0.07 to 0.12 showed high pinning force 
density Fp, especially the x = 0.10 films shows high Fp = 23.0 GN/m3 at 77 K in B // c. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the ISS 2013 Program Committee. 
Keywords: Gd1+xBa2-xCu3Oy  films; BaHfO3;  nanorod; Gd/Ba substitution; flux pinning; pinning force density 
1. Introduction 
 
REBa2Cu3Oy (REBCO : RE=Rare Earth) coated conductors are expected for superconducting power applications as 
a substitute of an intermetallic superconducting wire and they are expected the operation at liquid nitrogen 
temperature (77 K), supercooled liquid nitrogen temperature (65 K) and lower temperature. Especially, GdBa2Cu3Oy 
coated conductors have been attracted attention because of their high superconducting properties[1, 2]. However, it 
is necessary for various applications to enhance critical current density (Jc) in magnetic fields. An introduction of 
artificial pinning centers (APCs) is one of the effective approaches for improvement of Jc in magnetic fields. It is 
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well known that BaMO3 materials (BMO : M = Zr, Sn, Hf) self-organize within a REBCO matrix and are grown  up 
into a nanorod structure through a vapour phase deposition method[3]. The BMO nanorods show strong flux pinning 
properties for magnetic fields applied parallel to the c-axis of REBCO[1, 4, 5]. Additionally, it has been reported 
that the formation of BMO nanorod changes with the deposition conditions, such as a combination of REBCO and 
BMO[4], a substrate temperature during the deposition[6] and REBCO composition[7]. In this paper, we will report 
an investigation of the influence of Gd/Ba substitution x in Gd1+xBa2-xCu3Oy (GdBCO) on the superconducting 
properties and microstructures on BaHfO3 (BHO) within GdBCO films deposited on the metal substrate with 
textured oxide buffer layers by ion beam assisted deposition (IBAD) technique. 
 
2. Experimental procedure  
 
We fabricated the BHO doped GdBCO films on metal substrates by pulsed laser deposition (PLD) method using 
a KrF excimer laser. The metal substrates had a layered architecture of CeO2 (Δϕ = 2.91°) / LaMnO3 / IBAD-MgO / 
Gd2Zr2O7 on the hastelloy tapes (IBAD-MgO substrate). The substrate temperature during the deposition, a distance 
between substrate and target and laser frequency were fixed to 780 Υ, 60 mm and 10 Hz, respectively. The partial 
pressure of oxygen during the deposition was 53 Pa and the density of laser energy on the target surface was 2.0 
J/cm2. The BHO was introduced by surface-modified target technique [8] and the BHO content was fixed to 2.2 
vol.%. The surface-modified target technique is the way to introduce BMO (M = Zr, Sn, Hf): a very thin BMO 
sector, which was cut from a BMO sintered bulk, was stuck on a REBCO sintered bulk. In order to change the 
Gd/Ba substitution in the films, we controlled x in Gd1+xBa2-xCu3Oy of the targets. The crystalline structure and 
orientation of the films were characterized by X-ray diffraction (XRD) with CuKα radiation and microstructure of 
the films observed by transmission electron microscope (TEM). The BHO content and Gd/Ba ratio x in the films 
were calculated from the mass concentration of Gd, Ba, Cu and Hf measured from inductively coupled plasma 
emission spectrometry. The superconducting properties were measured by using the electrical resistance and the 
current-voltage characteristic by four-probe method using a physical property measurement system (PPMS). The 
density of BHO nanorods were estimated from Br-CH3OH etching method. This method is that a surface of a film is 
etched by Br-CH3OH solution and then the surface is observed by atomic force microscope. BHO nanorods can be 
counted from the surface image due to the different etching rate between BHO and GdBCO. From TEM observation, 
the BHO nanorods grew up continuously and straight from the substrate to the surface of the films and diameter of 
the BHO nanorods were about 4.4 nm in x = 0.10 films. In addition, the film thickness of all the films were about 
380 nm.  
 
3. Result and discussion  
3.1. Microstructures and Crystalline structures  
Epitaxial growth of all the pure-GdBCO films and all the BHO doped GdBCO films were confirmed from XRD 
measurements. In order to investigate an influence of x on configuration of BHO nanorods in GdBCO films, we 
 
Fig. 1 (a)Substitution x in films dependence of number density of BHO nanorods and ;(b)Interfacial area in unit volume 
dependence of  c-axis length in 2.2 vol.% BHO doped GdBCO films. 
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checked number density of BHO nanorods and c-axis length of GdBCO in 2.2 vol.% BHO doped GdBCO films. Fig. 
1(a) shows x dependence of the number density of BHO nanorods. The BHO nanorods grew up with the high 
number density in all the films compared with the previous study. For example, the number density of BSO 
nanorods were 1000/μm2 in 3.0 vol.% BSO doped YBCO films on SrTiO3 single crystalline substrate[4] and BHO 
nanorods were 870/μm2 in 1.2 vol.% BHO doped YBCO film on IBAD-MgO substrate[9]. In this report, the number 
density of BHO nanorods were 2000/μm2 in x = 0.07 and x = 0.10 films. Although the BHO content were the same 
in all the films, the number density of BHO nanorods were decreased from 2000 to 1100/μm2 with increasing x as 
shown in Fig. 1(a). In addition, Fig. 1(b) shows the interfacial area between BHO and GdBCO which calculated 
from the number density of BHO nanorods in Fig. 1(a) and additive amount of 2.2 vol.%. The interfacial area 
decreased with increasing x. Similarly, Fig. 1(b) shows the c-axis length of BHO doped films. The c-axis length 
decreased from 11.80 to 11.77 Å with increasing x. From the above, Fig. 1(a) indicates that the elongation of c-axis 
length depends on the interfacial area. 
3.2. Superconducting properties  
We investigated an influence of substitution x on the superconducting properties such as Tc and Jc. Fig. 2 shows 
the x dependence of Tc for pure GdBCO films and BHO doped films. Although the Tcs of the pure-GdBCO films 
were somewhat improved with increasing x in Fig. 2, a deviation of the Tcs were small. On the contrary, K. Zhang, 
et al. have reported that the Tc in GdBCO bulk decreases with increasing x because the Gd ions substitute into the Ba 
site [10] and the c-axis length of GdBCO becomes shorter with increasing x. From this results, it is considered that 
the influence of Gd/Ba solid solution on the Tcs were a little. On the contrary, Tcs of BHO doped films decreased as 
compared with those of pure GdBCO films. It is well known that the c-axis length of BMO doped REBCO films are 
elongated compared with that of pure-REBCO films. This elongation is not fully understood for the details. 
However, there is a possibility that the reason of elongation affect this decreasing of Tc. On the other hand, all the Tc 
of the BHO doped films improved from 88.0 to 90.6 K with increasing x. In addition, the elongation of c-axis length 
was inhibited with increases x in Fig. 1(b). From these results, the improvement of Tc of BHO doped films is caused 
by inhibition of the elongation of c-axis length due to the decrease of interfacial area.  
Fig. 3(a) shows magnetic field dependence of Jc for the BHO doped GdBCO films and the pure- GdBCO film at 
77K in B // c. The Jc of the BHO doped films were improved compared with the pure-GdBCO film above 2 T. In 
addition, all the Jc - B curves of the BHO doped films had a plateau which the decrease of the Jc was little and this 
plateau spread up to about 7 T in x = 0.10 film. Especially, the x = 0.07 to x = 0.12 films which had a wide plateau 
showed high Jc above 6 T. As mentioned above, it is considered that the BHO nanorods act as effective pinning 
centers against B // c direction. In addition, although the Jc-Bs were almost the same up to 2 T in spite of x, the Jc of 
above 2 T decreased with increasing x. This reason would be the decrease of number density of BHO nanorods with 
increasing x. Fig. 3(b) shows the magnetic field dependence of pinning force density (Fp) calculated from Fig. 3(a). 
The films with x from 0.07 to 0.12 showed high Fp by introducing the BHO nanorods, especially the x = 0.10 films 
reached Fp = 23.0 GN/m3. In addition, the field corresponding to maximum Fp shifted to low magnetic fields with 
increasing x. This shift is considered that the number density of BHO nanorods decrease with increasing x. 
 
Fig. 2 Substitution x in films dependence of Tc in pure-GdBCO films and 2.2 vol.% BHO doped GdBCO films. 
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4. Conclusion 
 
      In order to investigate the influence of Gd/Ba substitution x on superconducting properties and microstructures, 
we studied BaHfO3 doped Gd1+xBa2-xCu3Oy films on IBAD-MgO substrate. The density of BHO nanorods were 
about 2000/μm2 in x = 0.07 and x = 0.10 films. On the contrary, the number density of BHO nanorods were 
decreased from 2000 to 1100/μm2 with increasing x. In addition, the elongation of c-axis length of GdBCO was 
inhibited from 11.80 to 11.77 Å with increasing x. The Tc of BHO doped films were improved from 88.0 to 90.6 K 
with increasing x. This is caused by inhibition of the elongation of c-axis length due to the decrease of interfacial 
area. The Jc-B characterization were almost the same up to 2 T in spite of x, the Jc of above 2 T decreased with 
increasing x. This reason is considered that the number density of BHO nanorods decreases with increasing x. In 
addition, the films with x from 0.07 to 0.12 films showed high Fp by introducing BHO nanorods, especially the x = 
0.10 films reached Fp = 23.0 GN/m3. 
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